Hypertrophic cardiomyopathy is primarily caused by mutations in genes encoding cardiac sarcomere proteins. Large screening studies identify mutations in 35-65% of the diagnosed patients and 15-30% of these are discovered within the MYBPC3 gene encoding the cardiac myosin binding protein C. The aim of this study is to determine whether intronic variation flanking the three micro-exons in MYBPC3 is diseasecausing. Two hundred and fifty unrelated patients with hypertrophic cardiomyopathy were genotyped in MYBPC3, using automated single-strand conformation polymorphism, and sequenced for confirmation. Mutations located in the flanking introns of the MYBPC3 micro-exons were examined using in silico methods. Ectopic expression of mRNA in blood leukocytes in the respective patients was examined using reverse transcription-PCR. A total of seven mutations were discovered in the introns flanking the two micro-exons 10 and 14, but none were found in introns flanking exon 11. Functional studies together with co-segregation analysis indicate that four mutations are associated with HCM, in the respective patients. All four mutations result in premature termination codons, which suggests that haploinsufficiency is a pathogenic mechanism of this type of mutation. It is demonstrated that the use of in silico methods together with RNA studies on peripheral blood leukocytes is a useful tool to evaluate the potential effects of mutations on pre-mRNA splicing.
Introduction
Mutations in the gene encoding myosin binding protein C (MYBPC3) are one of the most common causes of hypertrophic cardiomyopathy (HCM), generally accounting for 15 -30% of all identified HCM mutations. 1 -3 All recent studies have concluded that large-scale mutation screenings of HCM patients, where eight or nine sarcomeric genes are screened, identify mutations in 35 -60% of diagnosed patients. 2 One reason for the relatively low detection rate could be the presence of a number of novel non-sarcomeric HCM disease genes. Another reason could be presence of several unidentified disease-causing mutations in the known disease genes.
Missense mutations are the most common type of mutation in HCM, but in MYBPC3 the majority of the more than 150 known mutations are insertions, deletions, splice site and nonsense mutations and most of them lead to premature termination codons (PTCs). This suggests that these mutations could constitute a separate disease-causing mechanism in MYBPC3-associated HCM, and therefore make MYBPC3 a candidate for the discovery of novel domains and mutations that could be involved in generating aberrant transcripts. The reason for difference in the type of mutation is not known, but we and others have speculated that these mutations lead to nonsense-mediated decay (NMD) and subsequent haploinsufficiency rather than malfunctioning truncated proteins. 1, 4 One way of generating transcripts with frameshifts and ultimately PTCs is through aberrant splicing. Several examples of mutations of both acceptor and donor splice sites in MYBPC3 that can produce aberrant transcripts have already been demonstrated in HCM. 1,4 -7 The difficulty with intronic mutations is, however, to determine whether they are disease-causing. In cases where it is possible to study the co-segregation of the genotype with the HCM phenotype in a family and proper controls are available, the task is alleviated; however, the precise effect of the mutation or the severity of the splicing defect remain undetected. Several factors determine the inclusion rate of an exon and therefore mutations can have a varying effect on the resulting pre-mRNA splicing and the effect may be difficult to detect.
The distribution of exon lengths suggests functional constraints, with 65% of exons having sizes between 68 and 208 nt. 8 Optimal splicing occurs at sizes between 50 and 500 nt with limits being dependent on the size of the adjacent introns. 9 -11 Nevertheless, it is estimated that 10% of all exons are shorter than 60 nt, 8 and some genes carry exons below 25 nt, also termed micro-exons. 12 It is well known that short exons have intrinsically poor splice signals and require strong accessory signals from the flanking intron region. 13, 14 The presence of micro-exons has been demonstrated in several genes in different organisms such as potato, 15 Drosophila 8 and humans. 16 Of the cardiac sarcomere protein genes, the troponin genes (TNNT2 and TNNI3) carry micro-exons. Micro-exons have also been described for the nuclear cell adhesion molecule L1 (NCAML1) 17 and one of the GABA receptors (GABABR1). 18 In GABABR1, the micro exon 4 has been identified as a hotspot for regulated alternative splicing, 18 whereas in other genes the micro-exons appear constitutive. The micro-exons appear to be well conserved among vertebrates, at least in the case of MYBPC3 and TNNT2.
Owing to the unusual small size of micro-exons, steric hindrance prevents proper exon recognition and splicing by the spliceosome. 11 Expression studies of micro-exons within heterologous minigene constructs have identified the need of both intronic context, in the form of cis-acting splice signals, 13 and in some cases the presence of the native upstream exon. 10 It is believed that splicing is achieved by the spliceosome recognizing the micro exon together with the upstream intron and exon as a single unit, thus cleaving the downstream intron first. Mutations in the introns flanking micro-exons could, therefore, be expected to generate unpredictable transcripts. The MYBPC3 gene contains three micro-exons, exons 10, 11 and 14. Exon 10 and 14 are conserved in murine and canine sequences and both consist of 3 nt. In the course of routine mutation-screening of 250 unrelated HCM patients, we have discovered a disproportionately high number of mutations in the flanking introns of exons 10 and 14. No mutations were discovered in the flanking introns of exon 11, which corresponds to previous reports of HCM mutations. 1 -3 The purpose of this study was to use in silico methods together with the study of ectopic mRNA expression in peripheral blood leukocytes to determine the precise effect of micro exon mutations on pre-mRNA splicing.
Methods

Patients
Two hundred and fifty patients diagnosed with HCM from The Heart Hospital, London, UK, were included in the study and blood samples were collected for purification of genomic DNA. Patients who were carrying micro exon mutations were recalled and asked to provide a second blood sample for isolation of peripheral blood leukocytes. DNA samples from 192 Caucasians (cat. nos. HCR-1 and -2, European Collection of Cell Cultures (ECACC), Porton Down, UK) were used as controls. RNA purified from peripheral blood leukocytes provided by a single donor was used as control in all reverse transcription-PCRs. Total RNA purified from the heart of a single donor was used as control in all reverse transcription-PCRs (Human Heart Total RNA; (cat. no. 540011, Stratagene, La Jolla, CA, USA).
Genotyping
Genomic DNA was extracted from EDTA-blood using the QiaAmp s DNA Blood Mini Kit (Qiagen, Germany). The coding regions of MYBPC3 were amplified using intronic primers according to Niimura et al 19 and Andersen et al.
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Primer sequences and PCR conditions are available on request (psa@ssi.dk). Mutation detection of amplicons was performed by automated single-strand conformation polymorphism on an Applied Biosystems ABI PRISM s 3100 20, 21 and the presence of mutations confirmed by automated cycle sequencing (Applied Biosystems, Foster City, CA, USA). All patients carrying intron 9, 10, 13 or 14 mutations were screened in nine other known HCM disease genes (MYH7, TNNT2, TNNI3, TPM1, MYL2, MYL3, ACTC, PLN and CSRP3) by automated single-strand conformation polymorphism and DNA sequencing as described.
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In silico analysis The potential effect of the mutations was evaluated by calculating Shapiro -Senapathy (S&S) splice site scores 23, 24 (http://www.genet.sickkids.on.ca/~ali/splicesitescore.html). Neural network predictions of splice sites were performed using NetGene2 (www.cbs.dtu.dk/netgene2/) 25, 26 and Alternative Splice Site Predictor (ASSP). 27 
RNA analysis
In the case where more than one index patient carried a specific intron mutation, only one proband was recalled to provide a second blood sample for RNA. Peripheral blood leukocytes were isolated from a fresh blood sample and stabilized in RNAlatert (Ambion, Austin, TX, USA) and RNA was extracted using the Ambions RiboPuret Blood Kit. Reverse transcription-PCR was performed using Qiagen s One-Step RT-PCR protocol with the following primers: exon 10: forward primer (exons 7 and 8) 5
0 -CCTT CCGCCGCACGAG-3 0 , reverse primer (exons 11 and 12) 5 0 -GCTTCGAGTCCCTCGG-3 0 , exon 14: forward primer (exon 12) 5 0 -GGGCATGAGGCGCGATGAGA-3 0 , reverse primer (exon 16) 5 0 -TCCAAGGGGCGCGTGATGAG-3 0 . Reverse transcription-PCR products were visualized on 2% agarose gels. All products were sequenced. All reverse transcription-PCR products that included exon 10 were cloned using Invitrogent (Carlsbad, CA, USA) TOPO TA cloning s according to the manufacturer's protocols and sequenced for confirmation.
Clinical characterization
The cohort consisted of 250 consecutive, unrelated patients who fulfilled diagnostic criteria for HCM based upon a maximal wall thickness of X15 mm, in the absence of a hemodynamic cause. 28, 29 All patients underwent full clinical evaluation including 12-lead electrocardiogram (ECG) and transthoracic echocardiogram (ECHO).
Sequences
MYBPC3 genomic reference sequence (GenBank accession no. U91629) and MYBPC3 cDNA reference sequence (GenBank accession no. NM_000256.2) were used.
Results
In 250 unrelated HCM patients a total of seven mutations were discovered near the two micro-exons 10 (AGA) and 14 (CAA) (g.6651 -53 and g.10387 -9, respectively). Five of these were novel and four unique for the patient in whom they were found ( Table 1 ). The c.1226 þ 49C4T variant is a common polymorphism seen in both normal controls and patients at equal frequencies. None of the six other mutations were seen in UK Caucasian (ECACC HCR-1 and -2) control groups. One of the mutations was identified in three unrelated index patients (c.1224À19G4A) of a different ethnic background (Greek Cypriot, Indian and British, respectively) in the study. Only one of these was contacted for subsequent RNA studies. All patients were screened for nine other HCM disease genes without finding any other disease associated mutations. The c.1224À2A4G mutation has previously been published. 2 No mutations were discovered in the intronic area flanking exon 11.
Splice site prediction
The potential effect of the discovered mutations was assessed using three different methods for prediction of splice sites and the scores obtained are presented in Table 2 . The reference sequence for MYBPC3 (GenBank acc. no. U91629) was altered at the respective mutated sites and the same mutation data were analyzed with NetGene2 and ASSP as well as with an online algorithm for the calculation of S&S scores. Predictions were calculated for the authentic splice sites and the effect of the mutation on the particular splice site (mutated splice site) as well as for activated cryptic splice sites and de novo splice site for comparison with the competing authentic splice site.
Exon 10 NetGene2 was unable to detect the authentic acceptor splice sites of exon 10, and subsequently unable to detect any change brought on by the splice site mutation c.906À1G4C. Both ASSP and the S&S scores identify the correct acceptor splice site. The ASSP prediction of the authentic exon 10 acceptor splice site is marginally below the default cutoff provided. ASSP predicts a 1 nt exon 10 as the consequence of the c.906À1G4C mutation as does the S&S score. A de novo acceptor splice site is the predicted outcome of c.906À36G4A by all models, tentatively extending the 5 0 -end of exon 10, thus including a large portion of intron 9 in the mRNA (34 nt). The c.906À15G4C and c.908 þ 39G4A mutations did not change the likelihood of induced cryptic splicing and did not affect any known splicing mechanisms (data not shown).
Exon 11 All models correctly identify the donor splice site of exon 11. Both ASSP and S&S scores detect the acceptor splice site, with ASSP providing a score below the normal default. NetGene2 is unable to detect the acceptor splice site.
Exon 14
NetGene2 was unable to detect the acceptor splice site of exon 14 or any change brought on by the splice site mutation c.1224À2A4G. ASSP and S&S scores identify exon 14 and predict the disruption of the acceptor splice site (c.1224À2A4G). None of the three models predict activation of a cryptic splice site. As the only model, S&S scores predict the formation of a de novo splice site as the consequence of c.1224À19G4A the outcome of which is a 17 nt extension of the 5 0 -end of exon 14.
RNA analysis
In the absence of cardiac biopsies, peripheral blood leukocytes from the respective patients were used for the detection of aberrant splice variants. In all reverse transcription-PCRs, RNA purified from control blood leukocytes and total RNA from human heart were included to ensure that inherent differences in leukocyte splicing mechanisms compared to that of cardiac tissue would not be interpreted as false positive effects of the discovered mutations. The mRNA from the patients carrying seven different mutations was examined by reverse transcription-PCR. The results are summarized in Table 1 . Of the four mutations flanking exon 10, c.906À36G4A and c.906À1G4C were predicted to cause aberrant splicing by two of the prediction models. The assay demonstrated that the upstream G4A transition created a de novo acceptor splice site ((g4a)g|CCCC) and resulted in the inclusion of 34 nt of intron 9 into exon 10 ( Figure 1 ). Exon 10 maintained the correct donor splice site, thus resulting in a new exon of 37 nt. This inclusion produced a frameshift and eventually resulted in a PTC in exon 12 (c.993_995). The c.906À1G4C mutation disrupted the existing 3 0 splice site and activated the neighboring cryptic 3 0 splice site positioned 2 nt downstream of the existing splice site. Reverse transcription-PCR and subsequent cloning demonstrated that the mutation resulted in exclusion of the first two bases of exon 10, thus yielding an exon 10 of only one base (A) (Figure 1 ). This change produced a frameshift and eventually resulted in a PTC in Scores are given for the authentic splice site (ss) and the effect the mutation has on the particular site (mutated splice site). The value is also given for the cryptic splice site that can then be activated. The de novo splice site scores are given for comparison to the competing authentic splice site. Three mutations were found near exon 14, one of which is a known polymorphism (c.1226 þ 49A4T). This polymorphism was not predicted to produce any change in the splicing of exon 14 and this was confirmed by reverse transcription-PCR. The upstream c.1224À19G4A transition produced a de novo acceptor splice site and extended the transcript by 17 nt, thus introducing a frameshift and ultimately a PTC in exon 15 (c.1294_1296). The splice site mutation c.1224À2A4G was demonstrated to disrupt the authentic splice site of exon 14, but with no cryptic splice site activation as seen in exon 10. Instead the mutation generates a 4 nt deletion (r.1224_1227del) in the transcript, comprised of exon 14 (3 nt) and the most 5 0 -nucleotide (G) of exon 15, resulting in a frameshift and PTC in exon 15 (c.1294_1296).
Clinical characterization
Family 917 The c.906À1G4C mutation was discovered in a 57-year-old female (III.5) presenting asymmetrical septal hypertrophy (ASH) with systolic anterior motion (SAM). Further genetic analysis revealed that the patient was compound heterozygous with a second mutation in MYBPC3, a V1125M missense mutation. The only other family member to carry both mutations, the 64-year-old brother, presented with ASH, right bundle branch block (RBBB) and left atrium dilatation. Two family members (II.2, IV.2), mother and son of the index patient, carried only the c.906-1G4C mutation. The 94-year-old mother (II.2) had a borderline diagnosis with an abnormal ECG, more specifically T wave inversion in the lateral leads and abnormal Q waves in the high lateral leads (I and aVL), but normal ECHO. The son (26 years, IV.2) of the index patient was unaffected with normal ECG and ECHO. The nephew of the index patient, having a borderline diagnosis of hypertrophy, was the only person carrying the V1125M missense mutation by itself. See Figure 2 for pedigree.
Family 730 The c.906À36G4A mutation was discovered in a 64-year-old female presenting left ventricular hypertrophy (LVH), ASH, chest pain on exertion as well as provocable left ventricular outflow tract obstruction (LVOTO). Two daughters were found to be carriers, but were both asymptomatic at ages 34 and 25, respectively.
Family 896 The c.1224À19G4A mutation was discovered in a 32-year-old male of Greek Cypriot descent who had mild hypertrophy and severe LVOTO treated with left ventricular myomectomy. Blood samples from the proband as well as family members were examined. This mutation was also identified in two other unrelated index patients of different ethnic background (Indian and British, respectively) in the study, both of whom had a relatively mild form of the disease.
Family 447 The c.1224À2A4G mutation was discovered in a 70-year-old male with LVH and ASH with LVOTO. The patient has a permanent pacemaker, and has experienced transient ischemic attacks and paroxysmal atrial fibrillation. A son and daughter were found to be asymptomatic carriers at ages 36 and 39, respectively.
Discussion
The potential effects of mutations located in the flanking introns of the two MYBPC3 micro-exons, exons 10 and 14, were examined using three different in silico methods. NetGene2 was not useful in evaluating the potential effect of mutations in these regions, only predicting the effect of the c.906À36G4A substitution, while not identifying any of the authentic acceptor splice sites. This is most likely due to the fact that micro-exons have almost no statistical signal that allows either software or neural networks such as NetGene2 to recognize their presence. 12 With the exception of NetGene2, the acceptor splice sites of all three micro-exons of MYBPC3 were recognized. All three models correctly predicted the donor splice sites. Comparison of the predictions and the examination of RNA extracted from peripheral blood leukocytes revealed that S&S scores and predictions from ASSP were a reliable way to predict the outcome of a potential mutation. The S&S algorithm only provides a score for the sequence of choice, and cutoff values or confidence intervals are not given. This leaves a significant amount of decisions for personal evaluation, which is not useful for larger studies. Of the three models, only the S&S scores gave any prediction of the de novo splice site in intron 13, in spite of it appearing as a functional acceptor splice site in the reverse transcription-PCR. This may reflect a weak de novo splice site and reflect that only a fraction of the pre-mRNA will be incorrectly spliced. Nevertheless, the combined result of reverse transcription-PCR and the fact that the mutation was discovered in three unrelated index patients and not seen in any controls suggest that c.1224À19G4A is a potential disease-causing mutation. The c.1224À2A4G is predicted to disrupt the exon 14 acceptor splice site; however, it results in a 4 nt deletion of the mRNA and thereby a frameshift and eventual PTC in exon 15. The result raises interesting questions regarding splicing within this region of MYBPC3. Inspection of the adjacent exon 13 donor and exon 15 acceptor splice sites revealed that the deletion must be composed of exon 14 (3 nt) and the first nucleotide of exon 15; however, this requires that the downstream intron 14 must be spliced before intron 13 ( Figure 3 ). Intron 14 splicing should proceed by utilizing the proper intron 14 splice sites, and in the absence of the authentic exon 14 3 0 splice site, the subsequent exon -exon junction between exons 14 and 15 activates a cryptic acceptor splice site resulting in cleavage of the most 5 0 nucleotide of exon 15. The splicing is, therefore, not sequential and proceeds in a manner previously described for the Troponin I micro exon. 10 Also described in the latter paper was the retention of the upstream intron as a result of disruption of the upstream 5 0 splice site, instead of the expected exon skipping. The consequence of the 5 0 splice site disruption is therefore that the initial recognition of the exonintron -exon unit is maintained after splicing of the downstream intron. The mechanism of splicing was regulated by a downstream intronic sequence enhancing the recognition of the 5 0 splice site of the micro exon. 13 This appears to be a sound premise as the enhancer sequence will provide a preference for the micro exon 5 0 splice site versus the upstream 5 0 -splice site. This enhancer element is removed as a result of the initial splicing of the downstream intron, whereas an upstream splicing regulation would be maintained post-splicing.
The mode of micro exon splicing requires that two adjacent 5 0 -splice sites are utilized in reverse order. This observation fits the dynamic model of exon definition, where the phosphorylated C-terminal domain (CTD) of RNA polymerase II (RNAPII) is believed to bind U1 snRNPs through a complex with the human ortholog of yeast Prp40p and is capable of tethering multiple 5 0 -splice sites as they emerge from the RNA channel. 30 With an enhancer present to ensure the use of the micro exon 5 0 -splice site, the downstream intron is spliced first, leaving the upstream donor splice site tethered to the CTD. With the downstream enhancer and associated U1 snRNP removed, U2AF can associate with the acceptor splice site of the micro exon, completing splicing of the upstream intron.
The use of peripheral blood leukocytes in the genetic diagnosis of HCM has been in use since Rosenzweig et al first reported the presence of b-myosin heavy chain transcripts in circulating blood lymphocytes and showed its use in preclinical diagnosis. In the initial publications of MYBPC3-associated HCM, both normal and mutated transcripts were observed in blood lymphocytes of patients with MYBPC3 mutations 5, 6 and comparison of the transcripts present in both blood and cardiac tissue of a patient with an exon 31 donor splice site mutation of MYBPC3 revealed that the same mRNA species could be observed. 4 The c.906À36G4A, c.906À1G4C, c.1224À19G4A and c.1224À2A4G mutations were all demonstrated to cause aberrant transcripts, and no use of alternative splice sites was detected in the examined exons 10 and 14 of the two controls. All mutations in the studied regions seemed to be associated with mild and late-onset hypertrophy, and only in the case of c.906À1G4C together with the missense mutation V1125M, in itself seemingly benign, did the patient appear to present with severe hypertrophy. Cardiac biopsies were not available, and therefore the outcomes of the mutations both at the RNA and protein levels remain speculative. A recent report by Sarikas et al 32 demonstrated
the impairment of the ubiquitin-protease system (UPS) of truncated cardiac MYBPC potentially resulting in competitive inhibition of other UPS substrates. It should also be noted that NMD should remove transcripts with PTCs that are upstream of the NMD boundary, which is located 50 -55 bases 5 0 of the last exon -exon junction. 33 There are, however, examples of different levels of degradation of nonsense mRNA in various cell types, 34 making it unclear to what extent nonsense transcripts are degraded as well as the amount of residual mRNA. Both mechanisms should, by the way of degradation of either mRNA or protein, result in haploinsufficiency, and of any residual truncated cardiac MYBPC only the exon 14 mutations would retain a complete MYBPC motif (S2-binding). The MYBPC3 Nterminus interaction with the S2 region of myosin (K d of 5 mM) 35 is such that low levels of truncated protein should be insufficient to compete with normal filament-associated protein. 36 Therefore, any damage of a potential poisonous peptide would be limited. In a clinical genetic setting, the discovery of a mutation prompts three questions: (1) Is the mutation known? (2) Does it co-segregate with the disease in the family? and (3) Is it a conserved residue? We have demonstrated that the use of in silico methods together with the stabilization and long-term storage of peripheral blood leukocytes for later use in RNA studies is useful tool to evaluate the potential effects of mutations on pre-mRNA splicing. Therefore, the practice of drawing blood in RNA-stabilizing solutions should be at least considered when performing genetic screening or beginning larger screening studies. The presence of disease-causing mutations at positions up to 36 nt from the coding regions of MYBPC3 has only been discovered due to the current positioning of PCR primers, and this warrants further examination of intronic variation and has implications for the general approach to genetic screening. Characterization of the regulation involved in micro exon splicing in MYBPC3, as well as TNNT2 and TNNI3, could aid future mutation studies in the correct identification of potential disease-causing mutations. Particularly, identifying to what extent downstream intronic elements or adjacent exons regulate micro exon splicing in MYBPC3 would provide further insights. An understanding of this mechanism could also aid in the improved in silico prediction of micro-exons and provide further knowledge on the occurrence of micro-exons in other genes. In MYBPC3-associated HCM, we suspect that haploinsufficiency is one of the main causes of disease. Therefore, a detailed study of the almost 17 kb of intronic sequence of MYBPC3 seems a natural step in the genetic diagnosis of HCM as opposed to the screening of novel candidate genes.
